Background: Biologically compatible fluorescent protein probes, particularly the self-assembling green fluorescent protein (GFP) from the jellyfish Aequorea victoria, have revolutionized research in cell, molecular and developmental biology because they allow visualization of biochemical events in living cells. Additional fluorescent proteins that could be reconstituted in vivo while extending the useful wavelength range towards the orange and red regions of the light spectrum would increase the range of applications currently available with fluorescent protein probes.
Background
Protein-based fluorophores including the phycobiliproteins [1] , the peridinin-chlorophyll complex [2] and green fluorescent protein (GFP) [3] have gained widespread acceptance as molecular probes owing to their intense fluorescence, water solubility, photostability and/or ability to be reconstituted in living cells. The former two proteins have largely been restricted to in vitro applications as a consequence of the complex nature of the biosynthesis and assembly of their chromophores. GFP, by contrast, can spontaneously self-assemble its chromophore using only oxygen and amino acid residues within the nascent polypeptide [4, 5] . The ability to express functional recombinant GFP in numerous prokaryotic and eukaryotic hosts has revolutionized the fields of cell, molecular and developmental biology [6] . As noninvasive markers and fluorescent protein tags, natural and mutant versions of GFP have provided breakthroughs in our understanding of such processes as gene expression, protein-protein interactions and protein secretion and targeting [7] . Although variants of GFP have been engineered with increased brightness and shifted excitation/emission maxima [8] [9] [10] [11] [12] , the spectral window for GFP emission has been limited to the blue and green regions. In view of the decreased autofluorescence and light scattering of biological samples at longer wavelengths, the development of new red-shifted and self-assembling fluorescent protein probes for in vivo biological studies would be potentially very useful.
The phytochromes, a family of soluble homodimeric biliprotein photoreceptors from plants [13] , have a number of spectroscopic properties that make them potentially good candidates for fluorescent probe development. These include their long wavelength absorption maxima, high molar absorption coefficients and the ability of phytochrome apoproteins to assemble spontaneously and covalently with the linear tetrapyrrole chromophore precursors, phytochromobilin (PΦB) and phycocyanobilin (PCB) [14] [15] [16] . Owing to photoisomerization of the C15 double bond in its covalently bound bilin prosthetic group, native phytochrome can adopt two photointerconvertible configurations: these are termed the P r (red light absorbing) and P fr (far red light absorbing) forms [17] . A direct consequence of the ease of photointerconversion is the very low fluorescence quantum yield for both P r and P fr forms (less than 10 -3 at room temperature) [18] . When the natural bilin prosthetic group of phytochrome is substituted with phycoerythrobilin (PEB), the precursor of the chromophore of phycoerythrin which lacks the C15 double bond, the phytochrome is converted into a fluorescent biliprotein [19] . Here, we show that PEB adducts of recombinant apophytochromes -which we name phytofluors, after the phycofluor designation for the phycobiliproteins [1] -are intensely fluorescent biliproteins that are photostable, stable over a wide range of pH and can be reconstituted in living cells. Phytofluors thus constitute a versatile new family of fluorescent protein probes for use in vivo that combine many of the best attributes of the phycobiliproteins with those of GFP.
Results and discussion

Phytofluors can be produced from evolutionarily diverse apophytochromes
To test whether the ability to produce a phytofluor is an inherent property of the phytochrome apoprotein, recombinant apophytochromes from the higher plant Avena sativa, the green alga Mesotaenium caldariorum and the cyanobacterium Synechocystis sp. PCC6803 were incubated with PEB and purified to homogeneity using previously described methods [20] . Full-length constructs were employed to prepare the PEB adducts of Avena phytochrome A (ASPHYA-PEB) and of Mesotaenium phytochrome (MCPHY1-PEB). A 514 amino acid amino-terminal fragment of the cyanobacterial phytochrome Cph1 (N514) was also investigated because of its smaller size, monomeric structure, and the ability to assemble with PΦB and PCB to produce photoactive adducts that are spectrophotometrically indistinguishable from the respective adducts of the full-length construct [21] . Like ASPHYA, incubation of MCPHY1 and N514 with PEB yielded covalent bilin adducts that could be visualized using a zinc acetate staining method for detection of bilin-linked peptides on denaturing polyacrylamide gels [22] (data not shown).
Phytofluors are intensely fluorescent
All three PEB-apophytochrome adducts were strongly fluorescent and, although each had slightly different absorption and emission maxima, they had very similar optical properties, including narrow excitation and emission envelopes, mirror-image symmetry between excitation and emission spectra, and small (9-10 nm) Stokes' shifts ( Figure 1 and Table 1 ). The fluorescence polarization spectrum of ASPHYA-PEB exhibited constant angular displacement of emission across the entire absorption envelope (Figure 1 ), indicating that the shoulder to the blue of the absorption maximum represented a vibrational sideband rather than a separate electronic transition [23] . Phase-modulated fluorescence lifetime (τ f ) measurements revealed that ASPHYA-PEB excited-state decay could best be fit to a Lorentzian distribution with one major component (92%) having a 1.82 ns lifetime. This measurement was similar to that obtained in a parallel analysis of Porphyridium cruentum B-phycoerythrin (B-PE), which also exhibited one major component (92%) with a 2.26 ns lifetime. Taken together, these data show that a single adduct is produced upon coincubation of PEB with apophytochrome, and that the PEB chromophore is rigidly bound to all three phytofluor proteins in a similar chemical environment and conformation.
Using quantitative amino acid analysis, the molar absorption coefficient (ε PEB ) for the ASPHYA-PEB monomer was estimated to be 113,000 M -1 cm -1 at 576 nm. Similar analyses performed with MCPHY1-PEB and N514-PEB yielded slightly smaller ε PEB values, albeit comparable to that of fluorescein and greater than GFP (Table 1) . Because these ε PEB values were based on protein quantitation, they represent a 'practical' molar absorption coefficient that would underestimate the actual value if some fraction of the phytochrome molecules had not assembled with PEB. An alternative determination of the molar absorption coefficient of ASPHYA-PEB was made per bound PEB molecule by comparing the ratio of visible (chromophore) absorbance maximum to UV (protein) absorbance maximum between native phytochrome, recombinant ASPHYA-PΦB and recombinant ASPHYA-PEB. The latter method relies on the assumptions that PEB assembles with recombinant apophytochrome to the same extent as PΦB, and that the molar absorption coefficients of the PΦB chromophore are identical for native and recombinant oat phytochrome A (132,000 M -1 cm -1 [16] ). Using this method, ε PEB was estimated to be 165,000 M -1 cm -1 per PEB chromophore.
Fluorescence quantum yields (Φ f ) of the three phytofluors were determined relative to that of B-PE and fluorescein standards. The three phytofluors are intensely fluorescent, with values of Φ f greater than or equal to 0.7 (Table 1) . Phytofluor Φ f was independent of excitation wavelength (data not shown), confirming that a single fluorescent species was present in each phytofluor preparation. Given that fluorescence quantum yield and lifetime are directly proportional to each other, the Φ f /τ f ratio could be directly compared for B-PE and ASPHYA-PEB, assuming that PEB has the same intrinsic lifetime when bound to both proteins. Using lifetimes determined from phase-modulated fluorimetry (above) and assuming that Φ f is 0.98 for B-PE [24] , ASPHYA-PEB was determined to have a Φ f value of 0.78. The difference between measured and calculated values in this case is consistent with the error accepted for relative quantum yield measurements [25] .
The brightness of a fluorophore, which determines its utility as a probe, depends on both the quantity of light absorbed (ε ) and the fraction of that light which is emitted (Φ f ). Table 1 shows that brightness of the phytofluors compares favorably with that of other commonly used fluorescent probes. As ASPHYA-PEB and MCPHY1-PEB are homodimers, these phytofluors will be two-fold brighter than the values listed in Table 1 , which are based on the respective PHY-PEB monomers. It is important to note that the long-wavelength emission of the phytofluors is advantageous for biological probes because the background interference from scattering and autofluorescence in biological tissues is reduced in the longer wavelength region of the visible light spectrum [26] .
The spectrophotometric properties of PEB that is free in solution and PEB that is bound to phytochrome are compared in Table 1 . Upon binding to apophytochrome, PEB's absorption envelope narrows and bathochromically shifts (data not shown), its molar absorption coefficient increases, and its fluorescence quantum yield increases. This results in a roughly 500-1500-fold increase in the brightness of PEB's fluorescence. Proper choice of excitation and emission wavelengths can enhance this difference because the respective peak maxima of PEB shift upon binding to phytochrome. Thus, background fluorescence is not expected to hinder detection of the phytofluor fluorescent signal, even in applications in which free PEB is difficult to remove.
Phytofluor probes are photostable and stable over a wide range of pH ASPHYA-PEB absorbance and fluorescence intensity were found to be quite stable over the pH range 6.5-9.5 (Figure 2a,b) . The peak shapes of the absorbance and fluorescence spectra at each pH value were also unperturbed (data not shown). By contrast, free PEB displayed variable absorption and fluorescence spectra in this pH range (Table 1 and data not shown). These results indicate that the PEB fluorophore is shielded from interactions with the bulk solvent when bound within the chromophore pocket of phytochrome. In this regard, phytofluors may be an ideal choice for applications requiring uniform detection in variable pH environments, as opposed to many small-molecule fluorophores [23] and GFP [27] , which display pH-dependent fluorescence.
ASPHYA-PEB photostability under white light was compared to those of B-PE and fluorescein (Figure 2c ). These measurements indicated that photobleaching was loglinear for all three fluorophores, with rates of 2.0 × 10 -4 min -1 for ASPHYA-PEB, 5.5 × 10 -4 min -1 for B-PE, and 1.1 × 10 -3 min -1 for fluorescein. When these rates were corrected for the quantity of photons absorbed, ASPHYA-PEB and B-PE manifested similar photostabilities, and were at least eight-fold more photostable than fluorescein. As B-PE has one of the lowest photodestruction quantum yields among the common probes [28] , these results suggest that the phytofluor family of fluorescent proteins will be a useful addition to currently available fluorescent probes. Because chemical quenching influences photostability [23] , the utility of phytofluor probes will depend upon the specific quenchers present within the cells and/or media in which they are used. The shielded environment of PEB when bound to apophytochrome suggests that phytofluors may be unaffected by a number of potential quenching agents.
Phytofluors can be reconstituted in living plant cells
To test the feasibility of reconstituting phytofluors in vivo, we took advantage of the hy1 mutant of Arabidopsis thaliana, which is unable to synthesize the natural phytochrome chromophore precursor PΦB, and so accumulates apophytochrome A in the cytoplasm of its cells [29] . Upon incubation of dark-grown hy1 seedlings with PEB, we observed a significant increase in fluorescence. That this fluorescence emission represented formation of the PEB adduct of apophytochrome A in situ was established by confocal microscopy ( Figure 3 ). PEB-treated hy1 seedlings exhibited significant phytofluor emission between 590 and 610 nm, primarily in the hypocotyls (Figure 3a ; shown in green) while (proto)chlorophyll emission (670-800 nm observed) was detected mainly in the cotyledons (Figure 3a; shown in red). Phytofluor fluorescence was cytoplasmically localized, which contrasts with (proto)chlorophyll fluorescence, which was confined to the plastid organelle (Figure 3b ). Only red emission and not phytofluor emission was detected in untreated control hy1 seedlings (data not shown).
By comparison with PEB-treated hy1 seedlings, PEBtreated wild-type seedlings displayed markedly reduced 590-610 nm fluorescence, and this was seen exclusively in the hypocotyl hook region (Figure 3c ). The observed pattern of fluorescence labeling of PEB-treated seedlings was fully consistent with the known accumulation of phytochrome A in the hypocotyl hook of dark-grown dicotyledonous seedlings [30] 
Conclusions
Phytofluors combine many of the attributes of the phycobiliproteins with the ability to auto-assemble in bilintreated living cells. With respect to absorption crosssection, fluorescence quantum yields, photostability, stability over a range of pH, and bathochromically shifted emission, phytofluors are superior to GFP. Whether phytofluors perform as well as GFP in various cell types of interest will, however, depend upon many factors such as expression level, toxicity, autofluorescence, bilin uptake, laser wavelength availability, and so on, which remain to be empirically determined. In this study, we show that PEB is readily taken up by plant cells. We have previously documented that PCB treatment of yeast cells yields photoactive phytochrome in situ [31] . These observations suggest that phytofluor reconstitution will be feasible in a wide variety of organisms.
The subtle differences in fluorescent properties of PEB bound to various phytochromes suggest the potential for engineering the apoprotein to increase brightness and/or alter its excitation and emission wavelengths. The ability to generate apophytochrome mutants that bind PCB or PΦB, but that cannot photoconvert, is expected to yield new phytofluors that span the orange to near-infrared wavelength regions. We also expect that the development of PEB analogs with better chemical stability, improved uptake by living cells and/or altered fluorescence properties when bound to apophytochrome will eventually be realized.
Materials and methods
PEB isolation
PEB was isolated from acetone-treated P. cruentum cells [32] or from Porphyra yezoensis ueda (nori) under dim light as follows. Freeze-dried nori (5 g) was frozen with liquid nitrogen, pulverized by mortar and pestle, and extracted twice with 200 ml de-ionized water. The dark purple liquid was filtered through cheese cloth, precipitated at 4 o C with 65% saturated ammonium sulfate, and centrifuged at 17,000 × g for 20 min. The protein pellet was resuspended in 100 ml methanol containing 200 mg HgCl 2 and refluxed under nitrogen at 45 o C with stirring for 16-24 h in the dark. Centrifugation at 17,000 × g for 20 min yielded a blue-green soluble fraction from which mercury was removed by addition of 200 µ l 2-mercaptoethanol followed by re-centrifugation. PEB was isolated from the soluble fraction by solid-phase extraction and purified by HPLC [32, 33] .
Recombinant phytochrome expression and purification
Strep-tagged ASPHYA was expressed in Saccharomyces cerevisiae strain 29A/pMASPHYA-ST and the 40% ammonium sulfate-precipitated (ASP) protein fraction obtained [20] . (Strep-tag is an affinity peptide tag for the biotin-binding site of streptavidin.) Strep-tagged MCPHY1 was expressed in Pichia pastoris strain GS115/MCPHY1bST and the ASP protein fraction obtained as described previously [33] , except that cells were induced under white light with a fluence rate of 67 µ mol m -2 sec -2 . The strep-tagged amino-terminal 514 residue fragment of Synechocystis sp. PCC6803 phytochrome (N514) was expressed in Escherichia coli strain DH5α/pASKN514 [21] . Cells were lysed in a French pressure cell at 10,000 psi, and the 40% ASP fraction obtained [34] . Resolubilized ASP fractions containing ASPHYA, MCPHY1 or N514 apoproteins were incubated with 5-10 µ M PEB for 1 h at 25 o C and purified by streptavidin-agarose affinity chromatography [20] . Purified phytochrome was stored in TEGED buffer (25 mM Tris HCl pH 8.0, 25 % ethylene glycol, 1 mM EDTA, and 1 mM DTT) at -80 o C until further analysis.
Absorption and fluorescence spectrophotometry
All instruments were equipped with temperature-controlled cuvette holders and samples were maintained at 25 o C. Absorption spectra were obtained using an HP8453 ultraviolet-visible spectrophotometer. 
Molar absorption coefficient determinations
Affinity-purified phytofluors were exchanged into 25 mM N-methylmorpholine acetate buffer pH 7.8 using steric exclusion HPLC [20] . Following absorption spectrum determination, triplicate samples were removed, lyophilized, and acid-hydrolyzed for 24 h prior to quantitation with a Beckman 6300 amino acid analyzer at the UC Davis Protein Structure Lab. Molar recoveries of aspartic acid, glutamic acid, proline, glycine, alanine, valine, isoleucine, leucine, tyrosine, phenylalanine, lysine, and arginine were used to determine protein concentration.
Fluorescence quantum yield determination
Fluorescence quantum yield measurements for phytofluors were made relative to both purified P. cruentum B-PE (a gift from A. N. Glazer) and fluorescein (Molecular Probes, Inc.; Cat. No F-1300). Quantum yield measurements for free PEB were made relative to fluorescein. Affinitypurified phytofluors were diluted in TEGED buffer to A 535 = 0.01-0.02, PEB was diluted to peak absorbance of 0.04-0.05 in 10 mM sodium succinate pH 4.0 or 10 mM sodium glycinate pH 10.0, B-PE was diluted to A 535 = 0.01-0.02 in 100 mM sodium phosphate pH 6.8, and fluorescein was diluted to A 450 = 0.01-0.02 in 0.1 N NaOH. Emission spectra were obtained by excitation at the respective wavelengths listed above, instrument-corrected, converted to wavenumber scale, and bandpass-corrected by multiplying emission intensity at each wavelength by the square of the respective wavelength [23] . The resulting emission spectra were integrated and the relative quantum yield calculated according to Parker and Rees [35] . Fluorescence quantum yield estimates used values of Φ f = 0.98 for B-PE [24] and Φ f = 0.85 for fluorescein [35] .
Photobleaching measurements
ASPHYA-PEB, B-PE, and fluorescein samples were diluted into 2 ml of the appropriate buffer (listed above) to give a final peak optical density of 0.06. Samples were maintained at 25 o C in stirred 1 cm × 1 cm quartz cuvettes, and absorbance values obtained at 10 min intervals for samples irradiated with white light from a quartz halogen actinic light source [36] or kept in complete darkness. The absorbance peak at each time point was divided by the initial absorbance, multiplied by 10 and the logarithm calculated to obtain the Y-axis values. Linear regressions fitted to the data obtained under white light yielded r 2 values of 0.903 for ASPHYA-PEB, 0.997 for B-PE, and 0.998 for fluorescein. Photobleaching rates were adjusted for relative absorption cross-section and relative actinic light intensity by conversion of the absorbance spectra to the wavenumber scale, multiplying the absorbance at each wavenumber by the intensity of actinic light, and integrating the area under the resulting spectra. Determination of actual quantum yields of photodestruction is not possible from these measurements because the photophysics of photodestruction is likely to be different for the three fluorophores compared. B-PE contains 34 separate chromophores interconnected by energy transfer, ASPHYA-PEB contains two chromophores in the dimer, and fluorescein is a small molecule.
pH dependence of ASPHYA stability
Solutions used for assays contained 25% ethylene glycol, 1 mM EDTA, 1 mM DTT and 25 mM of one of the following buffers: MES-KOH pH 5.5-6.5, MOPS-KOH pH 6.5-7.5, Tris-HCl pH 7.5-8.5, or glycine-KOH pH 8.5-10.0. ASPHYA-PEB in TEGED pH 8.0 was diluted at least 10-fold into the respective buffer, incubated for 2 h in the dark at 25 o C, centrifuged at 16,000 × g for 10 min, and the soluble fraction used for absorbance and fluorescence spectroscopy.
Confocal microscopy of Arabidopsis seedlings
Mutant hy1, Landsberg erecta wild type and hy1 phyA phyB triple mutant seedlings were germinated in complete darkness and grown for 4 days as described [37] . Representative seedlings of each plant line were placed on a microscope slide and bathed in a freshly prepared solution of 200 µ M PEB in 10 mM PIPES buffer pH 6.7 containing 10% (v/v) DMSO. After 10-15 min incubation, seedlings were washed with 10 mM PIPES buffer pH 6.7 and placed under a coverslip. Fluorescence images were obtained using a Zeiss LSM 410 Confocal
Microscope with 568 nm argon-krypton laser excitation and dual channel emission detectors filtered with a 590-610 nm bandpass filter (580 dichroic mirror) and a 670-810 nm bandpass filter (630 nm dichroic mirror).
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